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Abstract 

Polyploid species of Hieracium s.str. are near-obligatory apomicts capable of pro- 
ducing non-reduced pollen grains and intrageneric crossing with sexual diploid 
species. Most probably, such a mating system leads to the emergence of separate 
lineages of apomictic plants with increased ploidy levels, each of which has a 
complete set of genomes of its putative (most probably triploid) apomictic parent. 
The correct identification of such lineages could facilitate taxonomic and phy- 
logenetic research in Hieracium. In this paper, we analyzed the distribution of 
the 5S and 45S rDNA segments in the karyotypes of six selected Hieracium taxa, 
representing all ploidy levels reported in the genus: H. alpinum 2x, H. alpinum 
3x, H. schustleri 4x, H. chrysostyloides 5x (H. sect. Alpina) and H. bifidum 3x, 
H. levicaule 3x (H. sect. Bifida). The analyzed rDNA markers suggest that two 
taxa of the higher ploidy level (4x and 5x) belonging to H. sect. Alpina inherited 
three genomes from the triploid H. alpinum, which has 2:1 genomic composition 
with two genomes from diploid H. alpinum and one genome with an untypical 5S 
rDNA-bearing chromosome of unknown origin. H. bifidum and H. levicaule differ 
from each other in the rDNA distribution pattern, which suggests that H. sect. 
Bifida may be a less homogenous group of species. 
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1. Introduction 


Gametophytic apomixis - the parthenogenetic production 
of offspring from the cell (usually an egg) of an unreduced 
embryo sac - is a widespread and largely unexplained phe- 
nomenon. It is very common in Taraxacum and Hieracium, 
two large genera of Asteraceae. Both genera include sexu- 
ally reproducing diploid, strictly self-incompatible, insect- 
pollinated species and a huge number of polyploid taxa 
(agamospecies), mainly tri- and tetraploid, which reproduce 
apomictically (Fehrer et al., 2009; Hérandl, 2018; Kirschner & 
Stepanek, 1996; Mraz et al., 2019; Pinc et al., 2020; Skalinska, 
1970; Tas & van Dijk, 1999; van Baarlen et al., 2000). They 
share some important similarities: the origin of the apomictic 
embryo sac (diplospory) and the ability to produce partially 
fertile pollen grains. Furthermore, they are near-obligatory 
apomicts producing the embryo parthenogenetically and 
endosperm autonomously (Bicknell & Koltunow, 2004; Koltu- 
now et al., 2011; Tas & van Dijk, 1999). The presence of sexual 
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diploids and the production of fertile pollen by polyploids 
facilitated hybridization and the emergence of new apomictic 
lineages again capable of occasional crossing with diploid 
plants (de Kovel & de Jong, 2000; Horandl, 2018; Majesky 
et al., 2012; Richards, 1970; Shibaike et al., 2002). It increases 
the evolutionary dynamics of agamic complexes and results in 
apomictic hybrid swarms. The most interesting feature of the 
described processes is that the allopolyploids formed in this 
way can inherit an asexual mode of reproduction from a male 
parent (via pollen) (Bicknell & Koltunow, 2004; Richards, 
1970, 1973). 


In the absence of apomixis in diploids, it can be assumed 
that the trigger for such processes was the emergence of pri- 
mordial triploid agamospecies, most probably of hybrid ori- 
gin (Belyayev et al., 2018; Hojsgaard, 2018; Richards, 2003). 
These plants become donors of reduced and unreduced pollen 
grains and parents of hybrid offspring with different ploidy 
levels and variable modes of reproduction (Morita et al., 1990; 
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Figure 1 Probable genome combinations in polyploid descendants of a primary triploid apomictic plant. Each square represents a 


single genome. 


Tas & van Dijk, 1999). Interestingly, apomixis is transmitted 
only by the unreduced or not fully reduced pollen grains con- 
taining more than one chromosome set (Bicknell & Koltunow, 
2004). 


While some studies point to its relatively simple pattern 
of inheritance, obligatory apomixis is almost certainly a 
complex phenomenon influenced by unlinked gene loci 
(Hojsgaard, 2020; Niccolo et al., 2023). According to Carman’s 
(1997) duplicate-gene asynchrony hypothesis, the main cause 
of embryological anomalies associated with this type of 
reproduction is the hybridization-derived floral asynchrony 
triggered by the mismatch of parental sets of developmen- 
tal genes. Consequently, the appearance of highly specific 
apomixis-determining genes is not required and some later 
acquired gene mutations can only improve the seed set 
and fitness of apomictic lineages. Carman (2001) formu- 
lated the essence of his hypothesis as follows: “Apomixis 
appears to result from competition between genetically- 
balanced genomes, i.e., nearly complete cassettes of genes”. 
This approach provides the best explanation for both the 
transmission of apomixis only by gametes possessing two 
or more chromosome sets and a seemingly simple pattern 
of its inheritance. This assumption was supported by experi- 
mental crosses between diploid sexuals x triploid apomicts 
in Taraxacum obtained by Tas and van Dijk (1999). The 
authors showed the presence of true 2x, 3x and 4x hybrids of 
different modes of reproduction among progeny and proved 
that all obtained tetraploids and 1/3 of triploids were capable 
of apomictic reproduction, whereas diploids were not. This 
showed that in some cases, the two genomes of a triploid 
parent may be sufficient to pass apomixis to the offspring, but 
reliable (100%) inheritance of this reproductive trait is only 
guaranteed by gametes containing the complete chromosome 
set of the apomictic parent. Hence, when it is possible for 
once-formed apomictic plants to crossbreed with diploids 
(serving as female parents), one can expect the emergence of 
separate asexually reproducing ancestor-descendant lines of 
an increasing ploidy level. 


Since, so far, no case of fully functional apomixis has been 
observed in a natural or experimental hybrid of entirely sex- 
ual plants, it can be assumed that this is a rare phenomenon 
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requiring a very unique combination of parental genomes. 
According to Carman (1997), the most favorable conditions 
for it occurred in the Pleistocene and it was facilitated by 
extensive changes in ranges of species differing significantly 
in the timing of the developmental processes. It is not known 
how often such events took place within a given genus and 
how many separate apomictic lineages were generated. In the 
genera highly abundant in apomicts, the correct identification 
of separate apomictic strains could simplify taxonomic and 
phylogenetic research. 


The genus Hieracium is divided into sections and informal 
groups of species on the basis of morphological similarities 
(Stace, 1998). The sections were formed around the so-called 
main (basic) species, from which all the other species origi- 
nated as a result of hybridization (Zahn, 1921-1923). Accord- 
ing to contemporary authors, the genus comprises a limited 
number of basic species composed of groups of diploid and 
polyploid plants characterized by similar morphology and a 
multitude of intermediate polyploid forms (J. Chrtek et al., 
2020; J. Chrtek, Jr. et al., 2009; Fehrer et al., 2009; Mraz 
et al., 2019). It is assumed that hybridization concerned a 
small number of diploid species, presumably with quite a 
wide primary range (Merxmiiller, 1975). Currently, the genus 
Hieracium is dominated by apomictic polyploids (3x-5x), 
whereas the basal diploid species are sparse and occur mainly 
in refugial areas of southern Europe (Chrtek, 1997; Fehrer 
et al., 2009; Ilnicki & Szelag, 2011; Merxmiiller, 1975; Mraz 
& Zdvorak, 2019; Musiat & Szelag, 2015; Szelag, 2010; Szelag 
etal., 2007; Szelag & IInicki, 2011; Vladimirov & Szelag, 2006). 


The occurrence of morphologically identifiable basic taxa, 
which can be considered separate units of evolution (J. 
Chrtek, Jr. et al, 2009), makes this genus a useful model for 
studying apomictic complexes. Under the simplicist model 
discussed above, each separate polyploid series could rep- 
resent the ancestor-descendant line derived from the pri- 
mary (most probably triploid) apomictic plant. If any of 
the genomes of this primordial form contained a detectable 
molecular or chromosomal marker, it should be presented 
in all apomictic plants within this series, regardless of their 
ploidy level (Figure 1). Unfortunately, there is not enough 
data to support this assumption. Research conducted with 
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Table 1 The origin of Hieracium plants used for FISH analysis. 


Species Ploidy Locality 
Hieracium sect. Alpina 
H. alpinum L. 2x (br) Romania, Southern Carpathians, Retezat Mts., Bucura lake, 2000 m a.s.l. 
2x (bl) 45.36°N, 22.87°E 
H. alpinum L. 3x Poland, Western Carpathians, Mt. Babia Gora., Mt. Diablak 1650 m a.s.l. 
49.57°N, 19.53°E 
H. schustleri Zlatnik 4x (d) Poland, Eastern Sudetes, Mt. Snieznik Ktodzki, 1400 m a.s.l. 
4x(y)  50.21°N, 16.84°E 


H. chrysostyloides (Zahn) Chrtek 5x 
50.21°N, 16.84°E 


Poland, Eastern Sudetes, Mt. Snieznik Ktodzki, 1400 ma.s.l. 


Hieracium sect. Bifida 


H. bifidum Hornem 3x 

50.59°N, 19.55°E 
H. levicaule Fries 3x 

50.36°N, 20.16°E 
H. levicaule Fries 3x 


49.45°N, 20.32°E 


Poland, Wyzyna Czestochowska Upland, near Kroczyce village, Lysak hill 380 m a.s.l. 


Poland, Wyzyna Miechowska upland, Kalina Lisiniec, 330 m a.s.l. 


Poland, Western Carpathians, Gorce Mts. Mt. Wdzar near Kluszkowce, 700 m a.s.l. 


In brackets: specific morphological features of different forms of plants representing the same taxon. (br) — plants with brown achenes, (bl) - plants 


with black achenes, (d) - typical plants with dark styles, (y) - plants with yellow styles. 


the use of molecular cytogenetics methods (fluorescence in 
situ hybridization - FISH) should provide information in this 
regard, but it has been scarce and focused on other issues. 
Only seven diploid and three triploid forms were analyzed 
with FISH (fluorescence in situ hybridization) using 5S rDNA, 
45S rDNA or various satDNA probes, and six - four 3x 
and two 4x with GISH (genome in situ hybridization) with 
gDNA probes from selected diploid species (Belyayev et al., 
2018; J. Chrtek et al., 2020; Fehrer et al., 2021; Grabowska- 
Joachimiak et al., 2021; nicki et al., 2010; Mraz et al., 2019; 
Zagorski et al., 2020). 


All 10 Hieracium taxa tested in terms of the distribution of 
the FISH-detectable rDNA segments within the karyotype 
showed the presence of the characteristic satellite (SAT) chro- 
mosomes with two adjacent rDNA clusters (5S and 45S) on 
the short arm (usually one per genome, hereinafter referred 
to as the “standard 5S/45S chromosome”) and in addition 
chromosomes with a terminally located 45S rDNA cluster 
(1-2 per genome) (Fehrer et al., 2021; Grabowska-Joachimiak 
et al., 2021; Mraz et al., 2019; Zagorski et al., 2020). How- 
ever, in the triploid H. telekianum, three chromosomes with 
differently localized 5S rDNA were observed, of which only 
one also showed the 45S rDNA (Mraz et al., 2019). According 
to these authors, the presence of three different chromosomes 
with 5S rDNA suggests that they belong to three different hap- 
lomes (single chromosome sets). Therefore, it seems that more 
extensive FISH-aimed rDNA analysis may provide simple and 
easy-to-use chromosomal markers in this genus. 


During the initial testing of Hieracium karyotypes in this 
respect, we observed the atypical chromosome containing 
5S rDNA in the karyotype of a plant belonging to the H. sect. 
Alpina. Because this section can be regarded as one of the basic 
taxa within the genus Hieracium and includes (apart from the 
diploid H. alpinum) all polyploid levels (3x-5x) recorded so 
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far in Hieracium s.str., we decided to check if this atypical 
chromosome would be found in all of them. This would 
support the assumption concerning the above-mentioned 
mechanism by which the ploidy level increases within the 
separate apomictic lineages (Figure 1). For comparison, we 
also analyzed two triploid species classified in H. sect. Bifida, 
from which only polyploid forms were known, to check 
whether they have the same or different rDNA distribution 
pattern. 


2. Material and methods 
2.1. Plant material 


The research was conducted on four cytotypes of H. sect. 
Alpina: H. alpinum 2x, H. alpinum 3x, H. schustleri 4x, 
and H. chrysostyloides 5x (Table 1). Hieracium sect. Alpina 
comprises the high mountain species growing in the Alps, 
Carpathians, Sudetes, Ural, Scandinavia and Greenland (Brau- 
tigam, 1992), its main species is H. alpinum known from 
diploid and triploid populations (Mraz et al., 2009). In the case 
of the diploid H. alpinum, plants from two populations that 
differed with respect to the color of achenes (black vs. brown) 
were also considered, whereas in the case of H. schustleri 
plants differing in the color of styles (yellow vs. dark) were 
analyzed, in order to check whether the specimens with 
these unusual traits are karyotypically different from the 
typical ones (with black achenes and yellow styles). Such 
color variants have not been previously observed in the 
above-mentioned species. Hieracium alpinum 3x, H. schustleri 
4x, H. chrysostyloides 5x occur sympatrically in the alpine 
zone of the Sudetes. The diploid populations of H. alpinum are 
presently known only from the refugial areas in the Eastern 
and Southern Carpathians. Their occurrence, however, in the 
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Western Carpathians and Sudetes before the last Pleistocene 
glaciation was highly possible. 


Hieracium sect. Bifida was represented by two triploid taxa: 
H. bifidum and H. levicaule (Table 1). Hieracium sect. Bifida 
includes thermophilic grassland plants which occur in low- 
land regions and in the mountains at lower altitudes. The main 
species of the section is H. bifidum, widespread in Europe and 
known from triploid and tetraploid populations (Musiat et al., 
2016). 


Herbarium specimens of all analyzed forms are deposited in 
KRAM (National Biodiversity Collection of Recent and Fossil 
Organisms at W. Szafer Institute of Botany, Polish Academy of 
Sciences). 


All the analyzed plants were obtained from seeds sampled 
in natural populations and cultivated in a vegetation room 
of the Department of Plant Breeding, Physiology and Seed 
Science, University of Agriculture in Krakow. The growing 
conditions were described by Grabowska-Joachimiak et al. 
(2021). For each of the studied forms, radicles taken from 
10-15 individuals were used to make chromosome slides. 


2.2. Chromosome preparation and rDNA-FISH 


Radicles collected from the cultivated plants were pretreated 
with a saturated solution of a-bromonaphthalene for 24 h 
and fixed in a mixture of glacial acetic acid and absolute 
ethanol (1:3, v/v). Before squashing in 45% acetic acid, 
root tips were macerated enzymatically (4% pectinase + 2% 
cellulase in 0.01 M citric buffer, pH 4.6-4.9) at 37°C for 15 
min (H. alpinum, H. chrysostyloides, H. bifidum) or for 20 
min (H. levicaule, H. schustleri). The squashes were frozen, 
air-dried, then stored at —20°C. 


In the FISH procedure, two rDNA probes were used. For visu- 
alization of 45S rDNA loci, the probe was based on a 2.3 kb 
Clal subclone representing the fragment of a 25S rDNA genic 
region of Arabidopsis thaliana (Unfried & Gruendler, 1990), 
labeled by nick translation with tetramethyl-rhodamine-5- 
dUTP (Roche). The probe for detection of 5S rDNA loci was 
generated by PCR amplification of a 410 bp fragment of 5S 
rDNA unit isolated from wheat from the pTa794 clone (Ger- 
lach & Dyer, 1980) and labeled with digoxigenin-11-dUTP 
(Roche). Amplification was performed using a T-100 Ther- 
mal Cycler (Bio-Rad) and a PCR program that consisted of 
initial denaturation for 1 min at 94°C, followed by 35 cycles 
of denaturation for 40 s at 94°C, annealing for 40 s at 55°C, 
an extension for 1 min at 72 °C and a final extension of 5 min 
at 72°C. The FISH procedure was performed as described 
in detail by Wolny and Hasterok (2009). The chromosome 
preparations, together with the hybridization mixture, were 
denatured at 70 °C for 5 min and allowed to hybridize for 18h 
in a humid chamber at 37°C. After that, slides were washed 
in two changes of 10% formamide in 0.1x SSC (saline sodium 
citrate), for 5 min each, at 42 °C (79% stringency) and subse- 
quently in three changes of 2x SSC for 3 min each, at the same 
temperature. The digoxigenated probe was immunodetected 
according to standard protocols by anti-digoxigenin antibod- 
ies conjugated with fluorescein isothiocyanate (FITC; Roche). 
The preparations were counterstained with 4’ ,6-diamidino-2- 
phenylindole (DAPI), mounted in Vectashield (Vector Labo- 
ratories). 10-20 well-labelled metaphase plates per taxon were 
analyzed. 
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FISH images were acquired using a Nikon DS-2MBWc cam- 
era and the NIS Elements software attached to a Nikon Eclipse 
E800 microscope. For image processing, ImageJ 1.46g soft- 
ware (https://imagej.nih.gov/ij) was used. For better visual- 
ization of very tiny FISH signals, we used the option ‘find 
edges’ of the ImageJ program. 


3. Results 


All FISH-detected rDNA signals within Hieracium karyotypes 
were localized on the short chromosome arms. The 45S rDNA 
sites were observed at the chromosome ends, and 5S rDNA 
loci at the pericentromeric position. Three stable (observed in 
all plants belonging to a given taxon) types of rDNA-bearing 
chromosomes were observed: (i) chromosomes showing both 
5S and 45S rDNA signals, (ii) chromosomes showing only a 
45S rDNA signal, and (iii) chromosomes showing only a 5S 
rDNA signal. They are hereinafter referred to as “standard 
5S/45S chromosomes’, “45S chromosomes” and “5S chromo- 
somes”. 


3.1. Hieracium sect. Alpina 


In the karyotype of the diploid H. alpinum (2n = 2x = 18), two 
standard 5S/45S chromosomes and two 45S chromosomes 
with a large rDNA segment were observed (Figure 2A-B). 
Thus, the single standard genome of the H. alpinum group 
contained two chromosomes with major (well visible in all 
metaphases) rDNA sequences detectable by FISH procedure: 
one standard 5S/45S chromosome and one 45S chromosome. 
Moreover, three plants obtained from brown-colored achenes 
possessed an extra 45S rDNA segment on the short arm of one 
chromosome (Figure 2B). 


The triploid form of H. alpinum (2n = 3x = 27) had only 
two standard 5S/45S chromosomes. Next to them, four 
chromosomes with rDNA sequences were observed: three 
medium-sized 45S chromosomes and one 5S chromosome 
(Figure 2C). No extra rDNA signals were observed in the 
analyzed triploids. 


All the tetraploids of H. schustleri plants (2n = 4x = 36) showed 
three standard 5S/45S chromosomes and one 5S chromosome 
with a large pericentromeric rDNA cluster. In addition, the 
progeny of plants with dark styles showed three 45S chro- 
mosomes with large, clearly visible 45S rDNA signals (Fig- 
ure 2D), while that of plants with yellow styles had two 45S 
chromosomes with a large and one 45S chromosome with a 
very poor 45S rDNA signal (Figure 2E), which became much 
more evident after applying the ‘find edges’ option of the 
Image] program (Figure 2F). Thus, in all analyzed tetraploid 
plants, three 45S chromosomes could be noticed. 


The pentaploid H. chrysostyloides (2n = 5x = 45) showed four 
standard 5S/45S chromosomes, one 5S chromosome, and five 
45S chromosomes, all with a large rDNA cluster (Figure 3A). 
No minor rDNA signals were observed in the karyotype of 
these plants. 


Summing up, all karyotypes of polyploid apomictic plants 
belonging to the H. sect. Alpina revealed the presence of a 
single marker 5S chromosome with an rDNA cluster located 
on the short arm near the centromere. In all these plants, the 
number of standard 5S/45S chromosomes (i.e., as found ina 
diploid) is one less than the number of elementary genomes 
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Figure 2 FISH on Hieracium chromosomes with 5S rDNA (red) and 45S rDNA (green) probes, the chromosomes were 
counterstained with DAPI (blue). (A) Diploid H. alpinum (black achenes); (B) Diploid H. alpinum (brown achenes), note a small 
extra 45S rDNA segment indicated with arrow; (C) Triploid H. alpinum; (D) Tetraploid H. schustleri (dark styles); 

(E,F) H. schustleri (yellow styles); image (F) was processed with the use of the option “find edges” of the Image] program. Asterisks 
indicate standard 5S/45S chromosome, arrowheads - marker chromosome with 5S rDNA cluster. Scale bar = 5 um. 


that make up their karyotype (Table 2). The number of the 
45S chromosomes was one per genome on three (2x, 3x, 5x) 
of four ploidy levels. In tetraploid H. schustleri, only three 45S 
chromosomes were observed. Almost all rDNA signals were 
large and easily detectable by the FISH procedure used. In 
some diploid H. alpinum plants, a small additional 45S rDNA 
signal on the medium-sized chromosome was noticed. 


3.2. Hieracium sect. Bifida 


In the karyotype of the triploid H. bifidum (2n = 3x = 27), 
three standard 5S/45S chromosomes and four 45S chromo- 
somes were observed (Figure 3B). Thus, there is one stan- 
dard 5S/45S chromosome per single genome of this plant. 
No other chromosomes with FISH-detectable rDNA signals 
were noted. 


All the analyzed H. levicaule (2n = 3x = 27) plants showed 
two standard 5S/45S chromosomes, one 5S chromosome with 
a large pericentromeric rDNA cluster, and five medium-sized 
45S chromosomes. Among specimens from the Wyzyna Czes- 
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tochowska upland, only two 45S chromosomes showed large 
rDNA signals (Figure 3C), whereas in plants from the Gorce 
Mts. (W. Carpathians) - four (Figure 3D). 


Two triploids from this section differ in the number of the 45S 
rDNA-bearing chromosomes per genome (Table 2) and the 
composition of the karyotype. In H. bifidum, the main species 
of this section, three standard 5S/45S chromosomes, whereas 
in the karyotype of H. levicaule, only two chromosomes of this 
type plus the single 5S chromosome were detected. 


4. Discussion 


In this paper, we showed that all the analyzed polyploid plants 
belonging to Hieracium sect. Alpina and representing three 
ploidy levels, have a single marker 5S chromosome in the 
karyotype. This heterobrachial chromosome possessed a large 
5S rDNA cluster on the short arm and was probably a counter- 
part of the standard 5S/45S chromosome which seems to be 
a typical component of the Hieracium genome (Fehrer et al., 
2021; Grabowska-Joachimiak et al., 2021). This cytogenetic 
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Figure 3 FISH on Hieracium chromosomes with 5S rDNA (red) and 45S rDNA (green) probes, the chromosomes were 
counterstained with DAPI (blue). (A) Pentaploid H. chrysostyloides; (B) H. bifidum (3x); (C) H. levicaule (3x) from Wyzyna 
Czestochowska; (D) H. levicaule (3x) from Gorce Mts. Asterisks indicate standard 5S/45S chromosome, arrowheads - marker 


chromosome with 5S rDNA cluster. Scale bar = 5 tum. 


Table 2 Contribution of chromosomes with rDNA signals detected by FISH in analyzed Hieracium taxa. 


Species Ploidy [5S+45S] 5S 45S Figures 
Hieracium sect. Alpina 

H. alpinum 2x 2 - 2(3) 2A-B 

H. alpinum 3x 2 1 3 2C 

H. schustleri 4x 3 1 3 2D 

H. chrysostyloides 5x 4 1 5 3A 
Hieracium sect. Bifida 

H. bifidum 3x 3 - 4 3B 

H. levicaule 3x 2 1 5 3C-D 


[5S+45S] - chromosomes with 5S rDNA and 45S rDNA loci (standard 5S/45S chromosomes); 5S - chromosomes with single 5S rDNA cluster; 


45S - chromosomes with single 45S rDNA cluster. 


feature confirms the validity of placing the above-mentioned 
species within one section. 


In Taraxacum and Hieracium s.l. (Hieracium s.str. and Pilo- 
sella), the increases in the ploidy level seem to be primarily 
an effect of recursive summing up of genomes of apomictic 
plants (as donors of unreduced sperm cells) and diploids (as 
donors of reduced eggs). Since all (or almost all) plants with 
an elevated ploidy level reproduce apomictically, this trait 
is most likely the result of inheriting a complete chromo- 
some set containing a unique configuration of developmen- 
tal genes from an apomictic parent (Carman, 1997). Most 
probably, the consecutive additions of “sexual” genomes do 
not change or disturb this developmental path, at least within 
the observed ranges of ploidy - up to 10x in Taraxacum, 
7x in Pilosella, and 5x in Hieracium (Index to Plant Chro- 
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mosome Numbers: http://legacy.tropicos.org/Project/IPCN). 
The presence of a single marker 5S chromosome in the ana- 
lyzed forms of H. sect. Alpina representing successive (3x—5x) 
ploidy levels confirms this evolutionary mechanism and sug- 
gests the 2:1 genome composition in the apomictic ancestor 
of this group of species. Most probably, two genomes of this 
plant were derived from the diploid H. alpinum (possessing 
two standard 5S/45S chromosomes), which is now present 
only in the Southern and Eastern Carpathians. 


The origin of the observed marker 5S chromosome is unclear. 
Its structure may suggest that it arose from the standard 
58/458 chromosome by losing the terminal part of the short 
arm containing the 45S rDNA cluster. It is not known, 
however, whether this occurred at the diploid level or in 
the primeval triploid apomictic plant. In the first case, this 
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Figure 4 Probable routes of formation of primary triploid apomictic plants with the hemizygous marker chromosome. 
The scheme takes into account the possibility of the autopolyploid origin of these plants (A), although their hybrid origin and 2:1 
genomic composition (B) seem more likely (but see Hojsgaard 2018, and Hojsgaard and Hérandl 2019). Each square represents a 


single genome. 


marker chromosome can be passed on to triploid offspring 
by a reduced or unreduced gamete. If the fused gametes are 
monospecific, an autotriploid will be produced (Figure 4A). 
In the majority of the analyzed plants, the rDNA cluster in the 
5S chromosome is much bigger than in the standard 5S/45S 
chromosome, which suggests a strong amplification of 5S 
rDNA sequences after deletion or during further evolution 
of the polyploid lineage. 


Since it has long been known that most apomictic species 
are of hybrid origin (Hojsgaard & Horandl, 2019; Hérandl, 
2018; Niccolo et al., 2023, and references therein), it cannot be 
excluded that the primeval triploid was a hybrid of the sexual 
forms, one of which had the 5S chromosome in the disomic 
configuration (Figure 4B). So far, however, no diploid taxon 
with a pair of 5S chromosomes has been observed (Fehrer 
et al., 2021; Grabowska-Joachimiak et al., 2021). The obser- 
vation of a single chromosome similar to the 5S chromo- 
some described here in diploid H. umbellatum from Slovakia 
(Fehrer et al., 2021) and triploid H. telekianum from Roma- 
nia (Mraz et al., 2019) may indicate that such a form exists 
or has existed in Europe. The chromosome in the diploid 
plant from Slovakia may have arisen through mutation (as 
suggested by the quoted authors) or hybridization of typ- 
ical H. umbellatum (possessing two standard 5S/45S chro- 
mosomes) with the above-mentioned taxon. The molecular 
studies by Fehrer et al. (2009) showed that, surprisingly, some 
diploid Hieracium plants analyzed so far were of hybrid origin. 
As a result of further crosses involving such plants, progeny of 
different ploidy levels and different genomic constitution can 
be created. 


Apart from the standard 5S/45S chromosome, the basal chro- 
mosome set of different diploid Hieracium species showed 
one or two other chromosomes with 45S rDNA (45S chro- 
mosomes) (Fehrer et al., 2021; Grabowska-Joachimiak et al., 


Acta Societatis Botanicorum Poloniae / 2023 / Volume 92 / Article 172418 
Publisher: Polish Botanical Society 


2021). Thus, assuming additivity, the number of these chro- 
mosomes in polyploid plants should be at least equal to the 
number of genomes. There is, however, a clear difference in 
the number of these chromosomes between the polyploids 
from Hieracium sect. Alpina and H. sect. Bifida. In Hieracium 
sect. Alpina their number never exceeds the number of the 
genomes, whereas in H. sect. Bifida is greater (by one in 
H. bifidum and by two in H. levicaule) (Table 2). This suggests 
the different ancestry or different dynamics of 45S rDNA 
repeats in these two species. 


In many polyploid plants, a trend toward reduction in the 
number of rDNA sites was detected (Garcia et al., 2014; Roa 
& Guerra, 2012). In the majority of polyploid forms analyzed 
here, such reduction was not observed. Only in tetraploid 
H. schustleri, the number of 45S chromosomes was lowered 
by one (Table 2). A strong reduction in the size of one of the 
45S rDNA segments in plants with yellow styles may indicate 
a trend toward further reduction in the number of 45S rDNA 
loci in this species. 


It has been suggested that the occurrence of gametophytic 
apomixis in polyploid plants could be related to the pres- 
ence of a single chromosome containing genes involved in 
asexual reproduction within a karyotype. Such a hemizygous 
chromosome was detected after FISH in the apomictic plants 
belonging to the genus Pilosella and Taraxacum (Kotani et al., 
2014; Vasut et al., 2014, and references therein). In Hieracium, 
however, there is no relationship between the apomixis and 
the occurrence of the hemizygous marker 5S chromosome 
described here because part of the apomictic plants analyzed 
with rDNA probes so far did not have it in their chromosome 
complements. Also, the two analyzed apomictic taxa from 
Hieracium sect. Bifida (H. bifidum and H. levicaule) differ in 
this respect. 
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Apomictic plants can also produce not fully reduced and even 
fully reduced (1x) pollen grains, which can lead to hybrid off- 
spring of non-elevated ploidy level and diploids, both showing 
varying capacity for efficient reproduction (Martonfiova et al., 
2007; Mraz et al., 2019; Tas & van Dijk, 1999; van Dijk et al., 
1999). It seems that among the forms thus created, only poly- 
ploids which maintained the ability to reproduce apomicti- 
cally and some sexually reproducing “secondary” diploids are 
able to survive in nature. All these processes lead to the emer- 
gence of a muddle of hybrid taxa of different ploidy levels and 
a hardly recognizable origin. Attempts to systematize such 
complexes have been going on for a long time (Mraz et al., 
2019, and references therein). One way would be the identifi- 
cation of polyploid series/lines, each of which had a separate 
apomictic ancestor (most probably triploid), whose unique 
set of genomes had been preserved without major changes. 
It is likely that some of these lines may have already been 
distinguished on the basis of morphological criteria as the 
so-called basic species or higher-level taxa (e.g., sections). The 
detected karyotypic differences between triploid H. bifidum 
and H. levicaule suggest that H. sect. Bifida, unlike the ana- 
lyzed group of species belonging to H. sect. Alpina is a less 
homogenous group of species, most probably composed of 
polyploid forms of different origin. This issue requires clar- 
ification in the future. 


References 


Belyayev, A., Pastova, L., Fehrer, J., Josefiova, J., Chrtek, J., & 
Mraz, P. (2018). Mapping of Hieracium (Asteraceae) 
chromosomes with genus-specific satDNA elements 
derived from next generation sequencing data. Plant 
Systematics & Evolution, 304, 387-396. 
https://doi.org/10.1007/s00606-017-1483-y 

Bicknell, R. A., & Koltunow, A. M. (2004). Understanding 
apomixis: Recent advances and remaining conundrums. 
Plant Cell, 16(Suppl), S228-S245. 
https://doi.org/10.1105/tpc.017921 

Brautigam, S. (1992). Hieracium L. In H. Meusel & E. J. Jager 
(Eds.), Vergleichende Chorologie der zentraleuropdischen 
Flora (Vol. 3, pp. 325-333). G. Fischer. 

Carman, J. G. (1997). Asynchronous expression of duplicate 
genes in angiosperms may cause apomikxis, bispory, 
tetraspory, and polyembryony. Biological Journal of the 
Linnean Society, 61, 51-94. 
https://doi.org/10.1111/j.1095-8312.1997.tb01778.x 

Carman, J. G. (2001). The evolution of gametophytic apomixis 
(lab version). https://www.researchgate.net/profile/ 
John-Carman/publication/258484702_The_evolution_ 
of_gametophytic_apomixis/links/ 
53e2a8110cf275a5fdda4842/ 

The-evolution-of- gametophytic- apomixis.pdf 

Chrtek, J. (1997). Taxonomy of the Hieracium alpinum group in 
the Sudeten Mts., the West and the Ukrainian East 
Carpathians. Folia Geobotanica et Phytotaxonomica, 32, 
69-97. https://doi.org/10.1007/BF02803888 

Chrtek, J., Mraz, P., Belyayev, A., Pastova, L., Mrazova, V., 
Caklova, P., Josefiova, J., Zagorski, D., Hartmann, M., 
Jandova, M., Pinc, J., & Fehrer, J. (2020). Evolutionary 
history and genetic diversity of apomictic allopolyploids 
in Hieracium s.str.: Morphological versus genomic 


Acta Societatis Botanicorum Poloniae / 2023 / Volume 92 / Article 172418 


Publisher: Polish Botanical Society 


features. American Journal of Botany, 107, 66-90. 
https://doi.org/10.1002/ajb2.1413 

Chrtek, J., Jr., Zahradniéek, J., Krak, K., & Fehrer, J. (2009). 
Genome size in Hieracium subgenus Hieracium 
(Asteraceae) is strongly correlated with major 
phylogenetic groups. Annals of Botany, 104, 161-178. 
https://doi.org/10.1093/aob/mcp107 

de Kovel, C. G. FE, & de Jong, G. (2000). Selection on apomictic 
lineages of Taraxacum at establishment in a mixed 
sexual-apomictic population. Journal of Evolutionary 
Biology, 13, 561-568. 
https://doi.org/10.1046/j.1420-9101.2000.00211.x 

Fehrer, J., Krak, K., & Chrtek, J., Jr. (2009). Intra-individual 
polymorphism in diploid and apomictic polyploid 
hawkweeds (Hieracium, Lactuceae, Asteraceae): 
Disentangling phylogenetic signal, reticulation, and 
noise. BMC Evolutionary Biology, 9, Article 239. 
https://doi.org/10.1186/1471-2148- 9-239 

Fehrer, J., Slavikova, R., Pastova, L., Josefiova, J., Mraz, P., 
Chrtek, J., & Bertrand, Y. J. K. (2021). Molecular 
evolution and organization of ribosomal DNA in the 
hawkweed tribe Hieraciinae (Cichorieae, Asteraceae). 
Frontiers in Plant Science, 12, Article 647375. 
https://doi.org/10.3389/fpls.2021.647375 

Garcia, S., Galvez, F., Gras, A., Kovarik, A., & Garnatje, T. 
(2014). Plant rDNA database: Update and new features. 
Database, 2014, Article bau063. 
https://doi.org/10.1093/database/bau063 

Gerlach, W. L., & Dyer, T. A. (1980). Sequence organization of 
the repeating units in the nucleus of wheat which contain 
5S rRNA genes. Nucleic Acids Research, 8, 4851-4865. 
https://doi.org/10.1093/nar/8.21.4851 

Grabowska-Joachimiak, A., Zytkowicz, M., Kwolek, D., & 
Szelag, Z. (2021). Chromosome complex of the relict 
diploid species Hieracium bracteolatum. Acta Biologica 
Cracoviensia Series Botanica, 63, 29-34. 
https://doi.org/10.24425/abcsb.2021.136702 

Hojsgaard, D. (2018). Transient activation of apomixis in sexual 
neotriploids may retain genomically altered states and 
enhance polyploid establishment. Frontiers in Plant 
Science, 9, Article 230. 
https://doi.org/10.3389/fpls.2018.00230 

Hojsgaard, D. (2020). Apomixis technology: Separating the 
wheat from the chaff. Genes, 11, Article 411. 
https://doi.org/10.3390/genes11040411 

Hojsgaard, D., & Hérandl, E. (2019). The rise of apomixis in 
natural plant populations. Frontiers in Plant Science, 10, 
Article 358. https://doi.org/10.3389/fpls.2019.00358 

Horandl, E. (2018). The classification of asexual organisms: Old 
myths, new facts, and a novel pluralistic approach. Taxon, 
67(6), 1066-1081. https://doi.org/10.12705/676.5 

Inicki, T., Hasterok, R., & Szelag, Z. (2010). Cytogenetic analysis 
of Hieracium transylvanicum (Asteraceae). Caryologia, 63, 
192-196. https://doi.org/10.1080/00087114.2010.589726 

Inicki, T., & Szelag, Z. (2011). Chromosome numbers in 
Hieracium and Pilosella (Asteraceae) from Central and 
Southeastern Europe. Acta Biologica Cracoviensia Series 
Botanica, 53(1), 102-110. 
https://doi.org/10.2478/v10182-011-0014-3 

Index to Plant Chromosome Numbers (IPCN). 
http://legacy.tropicos.org/Project/IPCN 


Grabowska-Joachimiak et al. / r(DNA-FISH in selected Hieracium species 


Kirschner, J., & Stepanek, J. (1996). Modes of speciation and 
evolution of the sections in Taraxacum. Folia Geobotanica 
et Phytotaxonomica, 31, 415-426. 
https://doi.org/10.1007/BF02815386 

Koltunow, A. M. G., Johnson, S. D., & Okada, T. (2011). 
Apomixis in hawkweed: Mendel’s experimental nemesis. 
Journal of Experimental Botany, 62, 1699-1707. 
https://doi.org/10.1093/jxb/err011 

Kotani, Y., Henderson, S. T., Suzuki, G., Johnson, S. D., Okada, 
T., Siddons, H., Mukai, Y., & Koltunow, A. M. G. (2014). 
The loss of Apomeiosis (LOA) locus in Hieracium 
praealtum can function independently of the associated 
large-scale repetitive chromosomal structure. New 
Phytologist, 201, 973-981. 
https://doi.org/10.1111/nph.12574 

Majesky, L., Vasut, R. J., Kitner, M., & Travnicek, B. (2012). 

The pattern of genetic variability in apomictic clones of 
Taraxacum officinale indicates the alternation of asexual 
and sexual histories of apomicts. PLoS ONE, 7(8), Article 
e41868. https://doi.org/10.1371/journal.pone.0041868 

Martonfiova, L., Majesky, L., & Martonfi, P. (2007). Polyploid 
progeny from crosses between diploid sexuals and 
tetraploid apomictic pollen donors in Taraxacum sect. 
Ruderalia. Acta Biologica Cracoviensia Series Botanica, 49, 
47-54. 

Merxmiiller, H. (1975). Diploide hieracien. Anales del Instituto 
Botanico A. J. Cavanilles, 32, 189-196. 

Morita, T., Menken, S. B. J., & Sterk, A. A. (1990). Hybridization 
between European and Asian dandelions (Taraxacum 
section Ruderalia and section Mongolica). 1. Crossability 
and breakdown of self-incompatibility. New Phytologist, 
114, 519-529. 
https://doi.org/10.1111/j.1469-8137.1990.tb00420.x 

Mraz, P., Chrtek, J., & Singliarova, B. (2009). Geographical 
parthenogenesis, genome size variation and pollen 
production in the arctic-alpine species Hieracium 
alpinum. Botanica Helvetica, 119, 41-51. 
https://doi.org/10.1007/s00035-009-0055-3 

Mraz, P., Filipas, L., Barbos, M. I, Kadlecova, J., Pastova, L., 
Belyayev, A., & Fehrer, J. (2019). An unexpected new 
diploid Hieracium from Europe: Integrative taxonomic 
approach with a phylogeny of diploid Hieracium taxa. 
Taxon, 68, 1258-1277. https://doi.org/10.1002/tax.12149 

Mraz, P., & Zdvorak, P. (2019). Reproductive pathways in 
Hieracium s.s. (Asteraceae): Strict sexuality in diploids 
and apomixis in polyploids. Annals of Botany, 123, 
391-403. https://doi.org/10.1093/aob/mcy137 

Musial, K., Janas, A., & Szelag, Z. (2016). Chromosome numbers 
in Hieracium (Asteraceae) from Central and Southeastern 
Europe II. Acta Biologica Cracoviensia Series Botanica, 
58(1), 119-123. https://doi.org/10.1515/abcsb- 2016-0007 

Musial, K., & Szelag, Z. (2015). Chromosome numbers in 
Hieracium (Asteraceae) from Central and Southeastern 
Europe I. Acta Biologica Cracoviensia Series Botanica, 
57(2), 115-120. https://doi.org/10.1515/abcsb- 2015-0020 

Niccolo, T., Anderson, A. W., & Emidio, A. (2023). Apomixis: 
Oh, what a tangled web we have! Planta, 257, Article 92. 
https://doi.org/10.1007/s00425-023-04124-0 

Pinc, J., Chrtek, J., Latzel, V., & Mraz, P. (2020). Negative effect 
of inbreeding on fitness of an arctic—alpine Hieracium 
alpinum (Asteraceae), a species with a geographical 


Acta Societatis Botanicorum Poloniae / 2023 / Volume 92 / Article 172418 
Publisher: Polish Botanical Society 


parthenogenesis distribution pattern. Plant Systematics & 
Evolution, 306, Article 62. 
https://doi.org/10.1007/s00606-020-01692-6 

Richards, A. J. (1970). Hybridization in Taraxacum. New 
Phytologist, 69, 1103-1121. 
https://doi.org/10.1111/j.1469-8137.1970.tb02492.x 

Richards, A. J. (1973). The origin of Taraxacum agamospecies. 
Botanical Journal of the Linnean Society, 66, 189-211. 
https://doi.org/10.1111/j.1095-8339.1973.tb02169.x 

Richards, A. J. (2003). Apomixis in flowering plants: An 
overview. Philosophical Transactions of the Royal Society 
London B, 358, 1085-1093. 
https://doi.org/10.1098/rstb.2003.1294 

Roa, FE, & Guerra, M. (2012). Distribution of 45S rDNA sites in 
chromosomes of plants: Structural and evolutionary 
implications. BMC Evolutionary Biology, 12, Article 225. 
https://doi.org/10.1186/1471-2148- 12-225 

Shibaike, H., Akiyama, H., Uchiyama, S., Kasai, K., & Morita, T. 
(2002). Hybridization between European and Asian 
dandelions (Taraxacum section Ruderalia and section 
Mongolica) 2. Natural hybrids in Japan detected by 
chloroplast DNA marker. Journal of Plant Research, 115, 
321-328. https://doi.org/10.1007/s10265-002-0045-7 

Skaliriska, M. (1970). Further cytological studies in natural 
populations of Hieracium aurantiacum L. Acta Biologica 
Cracoviensia Series Botanica, 13, 111-118. 

Stace, C. A. (1998). Sectional names in the genus Hieracium 
(Asteraceae) sensu stricto. Edinburgh Journal of Botany, 
55, 417-441. https://doi.org/10.1017/S0960428600003279 

Szelag, Z. (2010). Hieracia balcanica V. A new diploid species in 
Hieracium sect. Naegeliana (Asteraceae) from 
Macedonia. Annales Botanici Fennici, 47, 315-319. 
https://doi.org/10.5735/085.047.0410 

Szelag, Z., & Ilnicki, T. (2011). Diploid chromosome numbers in 
Hieracium and Pilosella (Asteraceae) from Macedonia 
and Montenegro. Acta Biologica Cracoviensia Series 
Botanica, 53(2), 124-126. 
https://doi.org/10.2478/v10182-011-0023-2 

Szelag, Z., Inicki, T., Niketic, M., & Tomovic¢, G. (2007). Diploid 
chromosome numbers in five Hieracium species from 
Serbia and Montenegro. Acta Biologica Cracoviensia 
Series Botanica, 49(1), 119-121. 

Tas, I. C. Q., & van Dijk, P. J. (1999). Crosses between sexual and 
apomictic dandelions (Taraxacum). I. The inheritance of 
apomixis. Heredity, 83, 707-714. 
https://doi.org/10.1046/j.1365-2540.1999.00619.x 

Unfried, I., & Gruendler, P. (1990). Nucleotide sequence of the 
5.88 and 25S rRNA genes and of the internal transcribed 
spacers from Arabidopsis thaliana. Nucleic Acids Research, 
18, Article 4011. https://doi.org/10.1093/nar/18.13.4011 

van Baarlen, P., van Dijk, P. J., Hoekstra, R. FE, & de Jong, J. H. 
(2000). Meiotic recombination in sexual diploid and 
apomictic triploid dandelions (Taraxacum officinale L.). 
Genome, 43, 827-835. https://doi.org/10.1139/g00-047 

van Dijk, P. J., Tas, I. C. Q.,, Falque, M., & Bakx-Schotman, T. 
(1999). Crosses between sexual and apomictic dandelions 
(Taraxacum). II. The breakdown of apomixis. Heredity, 
83, 715-721. 
https://doi.org/10.1046/j.1365-2540.1999.00620.x 

Vasut, R. J., Vijverberg, K., van Dijk, P. J., & de Jong, H. (2014). 
Fluorescent in situ hybridization shows DIPLOSPOROUS 


Grabowska-Joachimiak et al. / r(DNA-FISH in selected Hieracium species 


located on one of the NOR chromosomes in apomictic Zagorski, D., Hartmann, M., Bertrand, Y. J. K., Pastova, L., 
dandelions (Taraxacum) in the absence of a large Slavikova, R., Josefiova, J., & Fehrer, J. (2020). 
hemizygous chromosomal region. Genome, 57, 609-620. Characterization and dynamics of repeatomes in closely 
https://doi.org/10.1139/gen-2014-0143 related species of Hieracium (Asteraceae) and their 
Vladimirov, V., & Szelag, Z. (2006). A new diploid species of synthetic and apomictic hybrids. Frontiers in Plant 
Hieracium sect. Pannosa (Asteraceae) from Bulgaria. Science, 11, Article 591053. 
Botanical Journal of the Linnean Society, 150, 261-265. https://doi.org/10.3389/fpls.2020.591053 
https://doi.org/10.1111/j.1095-8339.2006.00461.x Zahn, K. H. (1921-1923). Hieracium L. In A. Engler (Ed.), Das 
Wolny, E., & Hasterok, R. (2009). Comparative cytogenetic Pflanzenreich Regni Vegetabilis Conspectus (Vol. IV/280, 
analysis of the genomes of the model grass Brachypodium pp. 1-1705). Wilhelm Engelmann. 


distachyon and its close relatives. Annals of Botany, 104, 
873-881. https://doi.org/10.1093/aob/mcp179 


Acta Societatis Botanicorum Poloniae / 2023 / Volume 92 / Article 172418 
Publisher: Polish Botanical Society 


